The diatomic gas nitric oxide (NO) plays a multitude of roles in mammalian, plant, and microbial biology (1) (2) (3) (4) . In models of infection, mammalian-derived NO facilitates microbial killing (5, 6) , indicating that NO is a central element of innate immunity. In return, bacteria and fungi possess two major systems to metabolize NO: the flavorubredoxin NO-reductase (7) and flavohemoglobin (FlavoHb) NO-dioxygenase (8-10) enzymes, which operate under strictly anaerobic and aerobic/microaerophilic conditions, respectively. The importance of NO metabolism in the prokaryotic life cycle is evidenced by the evolution of the FlavoHb family nearly 2 billion years ago (11) , suggesting that microbes have been coping with nitrosative stress long before mammals existed.
A wealth of studies over the past decade has elucidated the mechanism and function of FlavoHb in bacteria and fungi. Under aerobic/microaerophilic conditions, FlavoHb converts NO and O 2 into nontoxic nitrate (NO 3 -) with concomitant oxidation of ferrous (Fe 2+ ) to ferric (Fe 3+ ) heme within FlavoHb (9) . The active site flavin adenine dinucleotide (FAD) supports one-electron reduction back to the ferrous state, driven by electrons from NADH or NADPH ( Figure  1A ). The enzyme is not known to react with substrates other than NO. Further, FlavoHb is transcriptionally induced by NO in many bacterial and fungal pathogens, and has been shown to play a central role in protection from NO in multiple pathogenic microbes (5, 10, (12) (13) (14) (15) (16) (17) (18) (19) .
In contrast to microbes, the FlavoHb gene is not present in metazoans or mammals. On the contrary, mammals synthesize NO via three conserved nitric oxide synthase (NOS) isoforms: iNOS/NOS2 ("inducible"), eNOS/NOS3 ("endothelial"), and nNOS/ NOS1 ("neuronal") , each of which plays distinct biological roles (20) . Though the overall importance of NO is widely appreciated, techniques to determine the cellular roles of NO have relied predominantly on manipulating NOS expression or activity, most frequently via arginine-based NOS inhibitors. While this approach is undoubtedly powerful, there are several drawbacks to NOS inhibitors: (i) they rarely exhibit strong isoform selectivity, with the exception of some iNOS inhibitors such as 1400W (21) and BYK191023 (22) , (ii) they are typically arginine analogs, and several studies have suggested they may perturb arginine uptake or metabolism (23) (24) (25) , and (iii) NOS-independent sources of NO are unaffected. On the contrary, NOS overexpression or administration of NO-donor compounds may result in supraphysiologic levels of NO. Reliance on such methods might therefore lead to aberrant cellular effects, thus confounding the interpretation of NO's roles in mammalian cells. A technique to selectively deplete NO-independently of NO source-would therefore be of significant utility in studies of NO biology.
Given the remarkable specificity and catalytic efficiency of bacterial NO-consuming enzymes, we hypothesized that heterologous expression of such an enzyme in mammalian cells might be a useful tool to interrogate the biological roles of NO. While the flavorubredoxin is a potent NO reductase, it requires exclusively anaerobic conditions. On the contrary, FlavoHb operates under a wide range of O 2 concentrations, suggesting it might also operate in mammalian cells. Furthermore, flavorubredoxin consists of two separate polypeptides (the NO reductase and flavorubredoxin reductase), whereas FlavoHb A wide range of mammalian signaling and stress pathways are mediated by nitric oxide (NO), which is synthesized in vivo by the nitric oxide synthase (NOS) family of enzymes. Experimental manipulations of NO are frequently achieved by either inhibition or activation of endogenous NOS or via providing exogenous NO sources. On the contrary, many microbes consume NO via flavohemoglobin (FlavoHb), a highly efficient NO-dioxygenase that protects from nitrosative stress. Here we report a novel resource for studying NO in mammalian cells by heterologously expressing Escherichia coli FlavoHb within a lentiviral delivery system. This technique boosts endogenous cellular consumption of NO, thus providing a simple and efficacious approach to studying mammalian NO biology that can be employed as both a primary experimental and confirmatory tool.
is a 44-kD protein encoded by a single gene, thus simplifying the strategy of heterologous expression. As compared in Figure 1B , the kinetic parameters of Escherichia coli FlavoHb (26) are far superior to even the most robust mammalian NOS isoform, iNOS (27) . We therefore chose to focus our efforts on FlavoHb. Cloning and DNA manipulation A ll PCR s were performed with Advantage DNA polymerase (Clontech, Palo Alto, CA, USA). The E. coli gene for FlavoHb (hmpA) was amplified from genomic DNA (strain BW25113) via PCR with the following primers: 5′-AATAGAATTCACCATGGACTA-CAAAGACGATGACGACAAGCTT-GACGCTCAAACCATCGCTAC-3′ and 5′-AAATGGATCCTTACAGCACCT-TATGCGG-3′. The 1.2-kb PCR product was digested with EcoRI and BamHI, and ligated into the lentiviral expression plasmid pCDH-CMV-MCS-EF1-copGFP (System Biosciences, Mountain View, CA, USA) digested at the same sites. All products were verified by DNA sequencing (Duke DNA Sequencing Facility, Durham, NC, USA). Human iNOS was cloned into pCDH-CMV-MCS-EF1-copGFP at the XbaI and NotI sites using the following PCR primers: 5′-CTTATATCTAGAACCATGGCCT-GTCCTTGG-3′ and 5′-ATTATAGCG-GCCGCTTAGAGCGCTGACA-3′.
Materials and methods

Materials
Lentiviral production
Lentiviral particles were generated by cotransfecting subconfluent (60-70%) 293FT cells with empty pCDH vector or pCDH-CMV-FlavoHb-EF1-copGFP plasmid DNA and the packaging and enveloping constructs, pCI-VSVG and ps-PAX2, respectively (Addgene, Cambridge, MA, USA). For a 10-cm dish, 6 μg plasmid DNA was cotransfected with 2 μg pCI-VSVG and 3 μg ps-PAX2 using 33 μL Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Media were changed 8-12 h after transfection to fresh DMEM with 10% FBS, and the virus-laden supernatant was collected at 24 h and 48 h. The supernatant was filtered and employed for experiments or frozen at -80°C in aliquots.
Generation and isolation of cells stably infected with empty versus FlavoHb lentivirus Stable FlavoHb-expressing or vector control cells were generated by treating HEK293 or RAW264.7 macrophages twice with virus prepared as described in the "Lentiviral production" section. Twenty-four hours after the second infection, HEK293 or RAW264.7 cells were dissociated using trypsin or cell scraping, respectively, and viable GFP-positive cells were single-cell sorted into 96-well cell culture plates containing DMEM using a FACS AriaII Cell Sorter (BD Biosciences). Single-cell sorting was verified 24 h after sorting and media changed on amplifying clones every 3 days until cell growth warranted splitting cells to a larger culture vessel. Amplified stable GFP-expressing cultures were evaluated for FlavoHb-expression by anti-Flag immunoblotting.
Measurement of FlavoHb activity in cellular extracts via NOdependent NADPH consumption A 15-cm dish of HEK293 cells stably infected with either control lentivirus or FlavoHb was lysed via repeated passage through a 28-gauge needle in 50 mM PO 4 , 0.5 mM EDTA, 2 μM FAD, pH 7.4 containing 1 mM DTT and protease inhibitor cocktail (Roche).
A cytosolic-enriched sample was obtained via clarification at 20,000× g for 30 min. Protein was measured via BCA assay. For measurement of NADPH consumption, 94 μL lysate was mixed with either 2 μL buffer or 10 mM NADPH, and absorbance at 340 nm was measured on a Beckman Coulter DU650 UV-Vis Spectrophotometer at 37°C (Fullerton, CA, USA). SpermineNONOate (final 4 mM, stock solution in 10 mM NaOH) was added to initiate the reaction, and absorbance at 340 nm was measured over time.
Subcellular fractionation for determination of FlavoHb localization in cells
Basic fractionation was achieved via differential centrifugation as briefly described. HEK293 cells were lysed via repeated passage through a 28 g needle in 25 mM Tris, 25 mM NaCl, 0.1 mM EDTA, pH 7.4 containing PI cocktail. Lysis efficiency was verified >99% by trypan blue staining. The lysates were centrifuged at 500× g for 10 min to obtain a nuclei-enriched pellet. The supernatant was removed and centrifuged at 20,000× g 30 min to obtain a membrane/organelle-enriched pellet and cytosol-enriched supernatant. To facilitate solubilization, lysis buffer was added to each fraction along with 0.2% Triton X-100 (v/v). Protein was measured by BCA assay, and equal amounts of material (40 μg each) were employed for immunoblotting analysis.
Measurement of NO 2
-and NO 3 -in culture media Fol lowing the indicated i NOS transfection(s) or LPS-stimulations, culture media was collected and clarified by centrifugation at 5,000× g for 5 min. The supernatant was saved, and NO 2 -was measured by the standard Griess reaction. In brief, 40 μL media or NO 2 -standard in culture media was transferred to a 96-well dish and 100 μL 1% sulfanilamide (w/v) in 1 M HCl was added. The mixture was incubated at room temperature for 5 min, and 50 μL 0.1% N-1-napthylethylenediamine dihydrochloride (NEDD) in 0.5 M HCl was added to each well. Absorbance at 540 nm was measured via spectrophotometry and all samples were normalized to standard NO 2 - solutions. For measurement of NO 3 -, 40 μL media or NO 3 -standard in culture media was transferred to two wells of a 96-well dish (labeled "A" and "B"). To all wells was added 40 μL PBS containing 4 μM FAD, then 10 μL of 4 mM NADPH. To "A" and "B" wells was added 10 μL PBS or NO 3 -reductase (2 mU/μL in PBS), respectively.
Plates were incubated at 37°C for 1 h, and 100 μL 1% sulfanilamide (w/v) in 1 M HCl was added. The mixture was incubated at room temperature for 5 min, and 50 μL 0.1% N-1-napthylethylenediamine dihydrochloride (NEDD) in 0.5 M HCl was added to each well. Absorbance at 540 nm was measured via spectrophotometry. The value of "B" minus "A" (i.e., NO 3 --derived signal) was calculated for all samples/standards, and normalized accordingly.
Immunofluorescence of FlavoHb in mammalian cells
HEK293 cells were plated onto poly-Dlysine-coated coverslips in 6 well dishes. Upon reaching 50-60% confluence, cells were transfected with 2 μg pCDH-FlagFlavoHb for 18 h, washed with 2× PBS, and fixed in 4% paraformaldehyde in PBS for 30 min at room temperature. Cells were again washed with PBS and permeabilized with 0.1% Triton X-100 in PBS for 15 min on ice. Cells were blocked for 1 h in PBS containing 5% goat serum, and stained overnight at 4°C with PBS containing 5% goat serum and anti-flag rabbit pAb (1:50). Similar results were obtained with anti-Flag M5 MAb (data not shown) at 1:400 dilution. Cells were washed again with PBS and secondary anti-rabbit antibody with an Alexafluor-568 conjugate (Invitrogen) was added at 1:1000 dilution for 40 min at room temperature. Cells were washed repeatedly with PBS, mounted for imaging using mounting media and coverslips affixed to glass slides with nail polish adhesive. Cells were imaged on a Zeiss Axio Imager widefield fluorescence microscope (Duke Microscopy Core Facility, Durham, NC, USA) at 63× magnification.
For confocal imaging, HEK293 cells were plated onto tissue culture-treated chamber slides (Lab-Tek, Thermo Fisher Scientific, Waltham, MA, USA). Twentyfour hours after plating, cells were washed with 2× PBS and fixed in paraformaldehyde (4% in PBS) for 15 min at room temperature. Cells were washed three times with PBS, and were permeabilized with 0.1% Triton X-100 in PBS and blocked with normal goat serum (10% in PBS) for 1 h at room temperature. Slides were stained overnight at 4°C with anti-Flag rabbit pAb (1:100), washed three times with PBS, and incubated with Alexafluor-568 conjugate at 1:250 dilution for 20 min at room temperature. Cells were washed three times with PBS, were stained with Hoechst 33258 at 5 μg/mL for 10 min at room temperature before washing three times with PBS. Cells were coverslipped using FluorSave mounting media (Calbiochem, San Diego, CA, USA) and imaged on a Leica SP5 confocal microscope (Bannockburn, IL, USA), using sequential scanning technique with a 63× oil immersion objective.
Assessment of nitrosative stress by 3 H-thymidine uptake, cell counting and colony formation assays For evaluation of 3 H-thymidine uptake, HEK293 cells were stably infected with either empty lentivirus or FlavoHb and viable cells were plated in equal numbers in 12-well plates (30,000 cells per well). Cells were treated with: (i) 0, 200, 500, or 1000 μM diethylenetriamine NONOate (DETA-NO) for 24 h, or (ii) were transfected with pCDH-CMV-iNOS-EF1-copGFP or vector control (pCDH-CMV-MCS-EF1-copGFP) for 12 h before the media was changed to fresh DMEM plus 10% FBS for 48 h. At this point, cells were incubated for 5 h with 4 μCi 3 H-thymidine (Perkin Elmer, Waltham, MA, USA), washed once with PBS, fixed for 1 h in 10% trichloroacetic acid, and incubated overnight in 0.01 M NaOH before assessing radioactivity incorporation of the lysed cellular contents by scintillation counting.
For cell counting, HEK293 cells were stably infected with either empty lentivirus or FlavoHb and viable cells were plated in equal numbers in 6-well plates (100,000 cells per well). Cells were treated with 0, 200, 500, or 1000 μM DETA-NO for 48 h, at which point cells were dissociated by trypsin, resuspended in a defined volume, and were mixed 1:1 with trypan blue for two minutes before viable cells were counted on a hemacytometer. For colony formation assays, cells stably expressing either vector control or Flag-FlavoHb were plated at a density of 500 cells/well on a 6-well plate. DETA-NO was added at either 0, 0.1, or 0.5 mM final concentration and colonies were grown for 7 days before visualization by staining with 1% methylene blue in methanol (w/v) for 2 min.
Results and discussion
The E. coli FlavoHb gene (hmpA) was amplified by PCR from genomic DNA with a forward 5′-primer encoding an N-terminal Flag epitope. This PCR product was subcloned into a pCDH plasmid (Systems Biosciences), which employs both a lentiviral vector system and EGFP driven by a distinct promoter. Therefore, this system allows for enrichment or identification of positive cells (i.e., transfected, infected) by EGFP-based selection. It is worth noting that FlavoHb and EGFP are expressed as separate polypeptides, thus EGFP is simply an indicator of FlavoHb presence, not localization.
The cellular localization of FlavoHb was determined in HEK293 cells via confocal immunofluorescence (Figure 2A , Supplementary Figure S1 ), as well as subcellular fractionation ( Figure 2B ). Flavohemoglobin displayed diffuse subcellular localization with a cytosolic predominance, as expected since FlavoHb lacks any known human localization signal. To determine whether E. coli FlavoHb is enzymatically active in human cells, cytosolic extracts from transfected HEK293 cells were assayed by measuring NO-dependent NADPH consumption ( Figure 2C ). Expression of FlavoHb resulted in markedly increased NADPH consumption, which was dependent on the addition of exogenous NO. These features are characteristic of FlavoHb activity (8) (9) (10) .
Endogenously synthesized NO is normally oxidized to NO 2 -(nitrite) and NO 3 -(nitrate) in an ~60:40 ratio via auto-oxidation (28, 29) . Since FlavoHb converts NO to NO 3 -(not NO 2 -), the efficacy of FlavoHb to metabolize endogenous NO was examined via measuring NO 2 -and NO 3 -in the media of FlavoHbtransfected HEK293 cells. As shown in Figure 2D , the iNOS inhibitor 1400W led to decreased NO 2 - Figure  S2 ). These data demonstrate that FlavoHb indeed metabolizes endogenously synthesized NO to NO 3 -in mammalian cells without affecting NO synthesis itself.
FlavoHb is known to play a major role in protection from nitrosative stress in bacteria and fungi. As high levels of NO drive nitrosative stress and toxicity in mammalian cells, we evaluated the ability of FlavoHb to protect mammalian cells from nitrosative stress. In HEK293 cells, FlavoHb blocked the growth suppressive effects of both exogenous NO ( Figure 3A ) and endogenous iNOS-derived NO ( Figure 3B Confirmatory data were obtained via cell counting (Supplementary Figure S3) and colony formation assays ( Figure 3C and Supplementary Figure S4) . Collectively, these experiments demonstrate that FlavoHbthe predominant NO-protective system in microbial systems-exhibits a similar ability to protect mammalian cells from both exogenous and endogenous nitrosative stresses. Furthermore, they emphasize that FlavoHb is enzymatically active in human cells, which is remarkable given the disparities between these two cellular environments.
As NO is frequently studied in the context of cell signaling, the utility of FlavoHb for interrogating NO-dependent signaling pathways was examined. In HEK293 cells, FlavoHb blunted both NO-dependent Txnip suppression (30) and VASP phosphorylation (31) (Figure 3D ), two established downstream mediators of NO in epithelial cells. FlavoHb also inhibited COX-2 induction (32) and Txnip suppression (30) in LPS-stimulated RAW264.7 macrophages (two established NO-dependent events) ( Figure 3E ). These findings suggest that FlavoHb expression within mammalian cells can be used to interrogate the role of NO in various physiological or pathophysiological processes.
Here we provide evidence that E. coli FlavoHb is enzymatically active in mammalian cells, thereby protecting them from nitrosative stress and inhibiting NO-signaling pathways. Importantly, the FlavoHb protein does not exhibit any apparent toxicities in the tested mammalian cell types (HEK293 
